ABSTRACT
INTRODUCTION
Prostaglandins (PG) are modified fatty acids that were first isolated in the late 1950s [1] . The potential involvement of PG in luteal regression was first suggested in 1966 by Babcock in a discussion on bovine luteal maintenance [2] . The definitive role of PGF 2␣ in luteal regression has been demonstrated by a variety of different methodologies in various species (recently reviewed by McCracken et al. [3] ). The action of PGF 2␣ appears to be primarily if not exclusively mediated by a plasma membrane receptor termed the FP receptor (FPr). Prostaglandin receptors are members of the seven-transmembrane-domain receptor superfamily. There appears to be a single gene that encodes the FPr, and the FPr mRNA has been cloned from mouse 1 Supported by National Institutes of Health grant HD-32623. 2 Correspondence: Milo C. Wiltbank [4] , rat [5, 6] , sheep [7] , cow [8] , and human [6, 9] . Recently, knockout of the FPr in mice has demonstrated that normal luteal regression at the time of parturition does not occur in the absence of a functional FPr [10] . Activation of the FPr by PGF 2␣ in a responsive corpus luteum (CL) initiates a cascade of intracellular pathways that result in luteolysis. This review will focus on recent information related to the structural and functional aspects of the gene, mRNA, and protein for the FPr.
Gene Structure and Regulation of FPr
The FPr gene structure ( Fig. 1 ) has been evaluated in three mammalian species: human [11, 12] , murine [13, 14] , and bovine [15] . The gene size is approximately 10 (human), 11 (mouse), and 40 (cow) kilobases (kb). The mouse FPr gene has been mapped to the distal end of chromosome 3 and is located near the gene for the PGE receptor-subtype 3 [13, 16] . In humans, the genes for the FPr and PGE receptor-subtype 3 are localized to the short arm of chromosome 1 [11] . The genes for other PG receptors have been mapped to chromosomes 5 (PGE receptor-subtype 2) and 19 (PGE receptor-subtype 1, prostacyclin receptor, and thromboxane receptor) in humans [11] and to chromosomes 7 (prostacyclin receptor), 8 (PGE receptor-subtype 1), 10 (thromboxane receptor), 14 (PGD receptor), and 15 (PGE receptor-subtype 4) in mice [13, 16] .
The exon/intron organization of the FPr gene ( Fig. 1 ) is conserved among humans [12] , mice [14] , and cattle [15] and is similar to other prostanoid receptor genes [17] . The FPr gene consists of three exons and two introns with the translated region located in exons 2 and 3 [12, 14, 15] . The first exon is relatively short (160 to 194 base pairs [bp] ) and includes most of the 5Ј untranslated region. Intron 1 ranges in size from 1.3 to 1.5 kb and may contain important promoter regions. The second exon (868 to 870 bp) contains an untranslated region of approximately 70 bp and the majority of the translated receptor. The large second intron (6.1 to 33 kb) interrupts the translated region at the sixth transmembrane domain [12, 14, 15] . The splice junction located in the sixth transmembrane domain is also conserved in other PG receptor genes, such as the human PGE receptor-subtype 3, prostacyclin receptor and thromboxane receptor [17] . The third exon (1066 to 3977 bp) includes the remainder of the translated region and a large untranslated region [12, 14, 15] . As discussed below, the region of the gene that codes for the receptor protein is highly conserved among species. [12, 14, 15] .
Multiple transcription initiation sites have been identified in the murine and bovine FPr. In the mouse, the major transcription start site is located at the 5Ј end of exon 1, 232 bp upstream of the ATG that marks the translation start site [14] . Several minor transcription start sites were found in exon 1 and the 5Ј flanking region (between 274 and 222 bp upstream of ATG) [14] . In the bovine FPr, multiple transcription initiation sites were identified in exon 1 (265 to 98 bp upstream of ATG; excludes intron 1). In addition, other minor transcription start sites were identified [15] in intron 1 (124 and 79 bp upstream of ATG; within intron 1). Transcription initiation sites have not yet been reported for the human FPr gene.
Promoter regulation of the FPr is not yet well characterized. In the human FPr gene, a 370-bp segment upstream of exon 1 was found to contain a probable promoter region 154 to 105 bp upstream of exon 1 [12] . It is conceivable that other areas of the 5Ј flanking region and intron 1 may contain promoter sites in the human FPr gene. Recent sequencing of the human genome should provide characterization of promoter regions.
A large region of the mouse FPr gene has been investigated for promoter activity [14] . The 5Ј flanking region contained two Sp1 (SV-40 protein) sites but lacked other typical elements such as TATA-like box, CAAT-like box, cAMP-responsive element (CRE), or estrogen-responsive element. Transgenic mice have been generated that express a 7.3-kb region of the FPr gene (encompassing the 5Ј flanking region, exon 1, intron 1, and the untranslated region of exon 2) connected to the lacZ reporter gene. Endogenous FPr mRNA was detected in the kidney, stomach, and corpora lutea of both normal and transgenic mice with expression in the corpus luteum 100-fold greater than in other tissues. Surprisingly, the transgene product, ␤-galactosidase mRNA, was expressed in the kidney and stomach but was not expressed in the ovary [14] . Thus, the promoter for the FPr gene may differ for different tissues with regions other than the 7.3-kb region upstream of ATG being important for transcriptional regulation in the CL.
Two potential promoter regions were identified in the bovine FPr gene (Fig. 1) [15] . A 1.6-kb region upstream of exon 1 contained consensus sequences for the transcription factors: TRE/AP-1 (TPA-responsive element/activator protein-1), NF-IL6 (nuclear factor-interleukin 6), Sp1, and GCF (GC binding factor). The second potential promoter in intron 1 (1.2 kb) contained motifs for Sp1, TRE/AP-1, CRE, NF-IL6, and AP-2 (activator protein-2) as well as CAAT-like and TATA-like boxes [15] . Promoter activity of these two regions in the bovine FPr gene has been investigated in an in vitro assay [15] . Bovine luteal cells were transfected with an expression vector containing the two potential promoter regions linked to the luciferase gene. Activation of protein kinase C (PKC) by phorbol esters, but not activation of protein kinase A (PKA) by forskolin, stimulated an increase in luciferase activity in cells transfected with the 5Ј flanking promoter region and the reporter gene. Neither treatment altered luciferase activity in cells that contained the intron 1 promoter region and luciferase gene. This result is contradictory to the reported regulation of FPr mRNA in which forskolin treatment increased FPr mRNA [18, 19] and phorbol ester treatment decreased FPr mRNA [20] . Thus, it is likely that additional regions of the genome are needed to mediate physiological transcription of the FPr gene. We have transfected bovine granulosa cells with an expression plasmid containing the 3.3-kb 5Ј flanking region of the bovine FPr linked to luciferase (unpublished). Following 2 days of treatment with forskolin there was a Ͼ1000-fold increase in FPr mRNA but no change in luciferase expression. Negative results such as these are difficult to interpret, but another promoter, the prostaglandin G/H synthase-2 promoter, linked to luciferase was induced by forskolin in the same cells. Perhaps, as discussed above for the mouse, the 5Ј region is not sufficient for FPr promoter activity in the bovine CL. Thus, although the structure of the FPr gene is now well described, an understanding of the promoter regions for this gene has not been provided by initial studies using standard promoter analysis methods. Determination of the promoter regions used for this gene in the CL may provide unique insight into tissue-specific, hormonally regulated gene expression.
Messenger RNA for FPr
Expression of mRNA encoding for the FPr has been evaluated in a variety of tissues using Northern blot hybridization [4] [5] [6] [7] [8] [20] [21] [22] or quantitative, competitive reverse transcriptase-polymerase chain reaction [18, 23, 24] . The CL expresses levels of FPr mRNA at least 100-fold greater than any other ovine tissue [23] , although some expression was also detected in ovarian stroma, adrenal medulla, lung, kidney medulla, and the inner myometrial layer. In situ hybridization revealed that expression of FPr mRNA was localized primarily to large luteal cells in ovine [20] or bovine midcycle CL [8, 21] or in CL from pregnant mouse ovaries [4] .
Northern blot hybridization of luteal mRNA from various species identified a major FPr mRNA band between 4.1 to 6.1 kb [4] [5] [6] [7] [8] [20] [21] [22] . A shorter major band of 2.3 kb was also identified in the mouse [4] . Additional minor hybridizing bands ranging in size from 2 to 9.1 kb have been identified in various species [4] [5] [6] [7] [20] [21] [22] . Recently, Pierce et al. [25] reported cloning of an alternatively spliced ovine FPr isoform (FP B ) that is 45 amino acids shorter in the carboxyl terminal than the common FPr (FP A ). The FP B isoform appears to be produced by splicing out a putative intron sequence of 3.2 kb in length that is retained in the FP A isoform [25] . Nonetheless, the authors state that FP A is the most abundant isoform in midcycle ovine CL, from which the FP B isoform was cloned. The physiological significance of FPr isoforms has not been completely elucidated.
The physiological regulation of FPr mRNA expression
In vivo temporal expression of FPr mRNA in bovine granulosa cells and CL. Ovaries were removed at various time points before and after ovulation to quantify FPr mRNA expression in follicles and CL (see Tsai et al. [18] for details). Different letters indicate significant differences (P Ͻ 0.05). n ϭ 5 heifers per group.
has been the focus of a number of recent investigations. As a general overview, there are very low concentrations of FPr in the ovary prior to ovulation. After ovulation there is a dramatic increase in FPr mRNA and protein in the CL. FPr remains elevated throughout most of the normal luteal phase and pregnancy but appears to decrease at luteolysis. In vitro and in vivo studies have provided substantial insight into the initial induction of luteal FPr. In the preovulatory follicle there appears to be very little FPr mRNA expression in humans or cattle. As shown in Figure 2 , the LH surge caused more than a 1000-fold increase in FPr mRNA concentration in the bovine CL in vivo [18] . In cultured granulosa cells, treatment with hCG dramatically increased FPr mRNA [18, 26] . This action appears to be mediated by PKA as evidenced by similar stimulation of FPr mRNA by forskolin or 8-bromo-cAMP, pharmacologic stimulators of the cAMP/PKA signaling pathway [18, 19, 26] . In addition, stimulation of FPr mRNA by hCG could be inhibited by the PKA inhibitor H89 (unpublished). The timing of PKA-mediated induction of FPr mRNA was surprisingly long (Ͼ24 h), suggesting that other protein products may be essential for this induction. Recently, it was shown that interleukin-1␤ (IL-1␤) also induced FPr mRNA expression in human granulosa-luteal cells in vitro [27] . The effect of IL-1␤ on FPr mRNA induction also requires 24 h and is additive with hCG, suggesting that they may act through different signaling pathways [27] . The physiological significance of FPr induction by the LH surge is probably related to forming a CL that has the capacity to regress in response to PGF 2␣ at the end of the luteal life span. In the early CL, PGF 2␣ action may be luteotropic rather than luteolytic. For example, treatment with PGF 2␣ plus forskolin increased progesterone production [28] and cAMP production [29] in bovine luteinized theca and granulosa cells.
There also appear to be inhibitory pathways that regulate FPr mRNA expression in the CL. In vivo studies showed that PGF 2␣ treatment decreased FPr mRNA in midcycle ovine CL [20, 22, 23] and in early (Day 4) and midcycle (Day 11) bovine CL [24] . An in vivo dose response study showed that low doses (3-10 mg PGF 2␣ per 60 kg body weight) of PGF 2␣ injected into the jugular vein caused a transient decrease in FPr mRNA while a high dose (30 mg PGF 2␣ per 60 kg body weight) caused a more sustained (24 h) decrease in FPr mRNA in ovine midcycle CL [30] . During physiological luteal regression, there also is a dramatic decrease in ovine luteal FPr mRNA concentrations [7, 22] . Similarly, treatment with PGF 2␣ in vitro decreased FPr mRNA in either bovine luteinized granulosa cells or ovine midcycle large luteal cells [19, 23] . In contrast, PGF 2␣ treatment increased FPr mRNA in rat CL, suggesting some species variation in regulation of FPr expression [31] . Pharmacological agents, such as ionomycin or phorbol esters, that activate downstream effectors of PGF 2␣ -mediated signaling reduce FPr mRNA expression in ovine luteal cells and human granulosa-lutein cells [23, 26] . Infusion of phorbol 12-myristate 13-acetate (PKC activator) into the ovarian artery also caused a decrease in FPr mRNA in the midcycle ovine CL at 4 and 12 h after infusion, further implicating the involvement of PKC in inhibition of FPr mRNA [20] .
In summary, FPr induction following ovulation is clearly necessary for luteolysis to occur in the normal estrous cycle and pregnancy. Parturition does not occur in FPr knock-out mice, due to the absence of luteolysis associated with FPr activation [10] . The biological significance of PGF 2␣ -mediated FPr mRNA down-regulation after the initiation of luteolysis is not yet clear. This action would tend to decrease expression of FPr mRNA and protein at the same time that receptors might be down-regulated by internalization and degradation mechanisms. It could be speculated that these mechanisms would tend to prevent overstimulation of cells at a time of high ligand concentrations. During pregnancy in cattle and sheep, FPr mRNA and protein remain high, suggesting that a decrease in FPr is not necessary for maternal recognition of pregnancy [21, 22, 32] .
Protein for FPr
Sequence analysis of FPr cDNA in numerous species suggests that the protein belongs to the G-protein-coupled receptor superfamily. Hydropathy analysis [33] of the FPr from all species has identified seven hydrophobic regions that presumably represent transmembrane domains as illustrated in Figure 3 , A and B.
The size of the FPr protein is similar among species, with estimated molecular weights ranging from 40 060 (human) to 40 983 Da (bovine) [8, 9] . The bovine and ovine FPr contain 362 amino acid residues in the open reading frame [7, 8] , while mouse and rat FPr have 366 amino acids [4, 5] , and the human FPr includes 359 amino acids [9] . Figure 3A shows the amino acid sequence for the bovine FPr with amino acids marked to indicate conservation in other PG receptors or in FPr from other species. The bovine FPr [8] shares 98% homology with the ovine FPr [7] , 86% with the human FPr [9] , 80% with the mouse FPr [4] , and 78% with the rat FPr [5] . In these five species, 272 out of 362 amino acids (75.1%) in the FPr are identical (Fig. 3A) .
The three-dimensional structure of bacteriorhodopsin revealed by electron cryomicroscopy [34] and mutational data on the ␤ 2 -adrenergic receptor have allowed construc- [36] . Histidine-81 may be involved in PGF 2␣ binding through hydrogen bonding [40] . A disulfide bond likely forms between Cys-108 and Cys-186 that may stabilize the protein structure [6, 9, 38] . Proline-170, Pro-264, and Pro-301 in the fourth, sixth, and seventh transmembrane domains likely produce kinks in the structure that form a ligand binding pocket [35, 38, 43, 44] . B) A proposed arrangement of the transmembrane domains (TMD) of the FPr as viewed from the outside surface of the cell. Hydrophilic amino acids on the inside of the core form a ligand binding pocket for PGF 2␣ . Hydrophobic amino acids on the outside of the seven helices associate with phospholipids in the plasma membrane. The approximate locations of Arg-291 and His-81 that may be involved in PGF 2␣ binding are indicated. C) Chemical structure of PGF 2␣ and inhibition constants (IC 50 ) of PGs that differ from PGF 2␣ at one site. or at the C9 hydroxyl (PGE 2 ) appear to be important for binding specificity in the FPr. Black arrows indicate that changes at these sites are not critical for specificity or binding to the FPr. Alterations at the C11 hydroxyl (PGD 2 ) or at the C13/C14 double bond (13,14-dihydro-PGF 2␣ ) have little effect on specificity or binding [49] .
tion of three-dimensional models for several mammalian Gprotein-coupled receptors, including human thromboxane A 2 (TXA 2 ) receptor (TP) [35] and subsequently the bovine FPr [36] . Based on the fact that ␣-helices contain 3.6 residues per helical turn, sequence analysis shows that the transmembrane domains of G-protein-coupled receptors contain a predominance of hydrophobic residues on one side of each ␣-helix and hydrophilic residues on the other side (Fig. 3B) [37, 38] . It has been postulated that the hydrophilic residues of the seven helices face each other, thus forming a ligand binding pocket, while the hydrophobic residues face the lipid bilayer (Fig. 3B) [35, 37, 38] . Some amino acids located on the hydrophilic sides of the seventh transmembrane domain of G-protein-coupled receptors appear to be essential in ligand binding and are highly conserved in all PG receptors. It has been determined that retinal binds to lysine 296 in the seventh transmembrane domain of bovine visual rhodopsin via Schiff base formation [39] . A three-dimensional model for the human TP receptor suggests that arginine 295, analogous to lysine 296 in bovine visual rhodopsin, is exposed to the hydrophilic ligand binding pocket and is a likely candidate for binding TXA 2 [35] . Likewise, arginine 291 in the FPr has been proposed to form a Schiff base with the carboxyl group of PGF 2␣ (Fig. 3, A and B) [36] . Another amino acid, histidine 81, in the second transmembrane domain, may also be important for PGF 2␣ binding as shown in transfection studies with mutant rat FPr expressed in COS-7 cells [40] . Molecular modeling suggests that histidine 81 is in close proximity to arginine 291 (Fig. 3B) . The authors propose that histidine 81 is involved in PGF 2␣ binding by acting as a hydrogen bond donor [40] . Sakamoto et al. [36] have also speculated that hydroxyl groups on the 9th and 11th carbons of PGF 2␣ interact with serine or threonine residues in the third and seventh transmembrane domains based on the three-dimensional model. Future point mutation analyses of the PG receptors may indicate the key amino acids involved in receptor-ligand interaction and receptor specificity.
Several other amino acids that are conserved among the FPr of different species are worth noting (see Fig. 3A ). As observed in other G-protein-coupled receptors [38] , two potential N-glycosylation sites (Asn-4 and Asn-19) are found in the amino-terminal region of the FPr [4] [5] [6] [7] [8] [9] . Six serine or threonine residues in the FPr have been suggested as potential phosphorylation sites by PKC [5, 6, 8, 9, 41] . Two of these are in the second intracellular loop (Ser-144 and Thr-148) while four are found in the COOH-terminal end (Thr-319, Ser-337, Ser-341, and Thr-353) of the receptor. Cysteine residues (Cys-108 and Cys-186) in the first and second extracellular loops of the FPr likely form a disulfide bond that stabilizes the protein structure [6, 9, 38] . These two cysteines are highly conserved among all PG receptors [36, 42] and many other G-protein-coupled receptors [38] . Three prolines in transmembrane domains IV, VI, and VII (Pro-170, Pro-264, and Pro-301) likely introduce kinks in the ␣-helices and may be essential in forming a ligand binding pocket [35, 38, 43, 44] .
Binding Specificity of FPr
One high affinity binding site with a 50% inhibitory concentration (IC 50 ) ranging from 2.5 nM [4] to 40 nM [7] has been reported in studies analyzing binding of [ 3 H]PGF 2␣ to luteal plasma membranes or luteal cells. Some investigators have also reported a second low affinity site on small luteal cells (240-3100 nM) [45] [46] [47] [48] . The results from our pharmacological analysis of displacement of [ 3 H]PGF 2␣ binding to bovine luteal plasma membranes are summarized in Figure 3C [49] . It is clear that there is some cross-reactivity between various PGs and specific PG receptors, although the extent of this cross-reactivity varies among different species and studies [49, 50, 51] . The cross-reactivity of PGs and PG receptors is due in part to similarity in structure of the PG molecules. There are certain key sites, such as the C1 carboxylic acid and the C15 hydroxyl, that are identical in other PGs and appear to be essential for binding to any PG receptors. Sites that differ between PGs, such as C9 and C11, are likely to be critical for specificity of receptor binding. As shown in Figure 3C , displacement studies using PGs that differ subtly from PGF 2␣ have been used to identify sites that are essential for binding and for specificity of the FPr.
As discussed above, the C1 carboxylic acid appears to form a Schiff base with an arginine in the seventh transmembrane domain that is ubiquitous to all PG receptors. In an early study, Kimball and Lauderdale [52] showed that PGF 2␣ methyl ester reduced relative binding to 26.3% compared to PGF 2␣ , and we found dramatic reductions in binding with PGF 2␣ dimethyl amide and PGF 2␣ isopropyl ester [49] .
The C15 position is critical in PG metabolism because inactivation of PGs occurs by enzymatic dehydrogenation of C15 by 15-hydroxy-prostaglandin dehydrogenase present in lung, liver, kidney [53] , and recently reported at high levels in the CL [54] . Changing the hydroxyl at the 15th carbon to 15-keto PGF 2␣ or 15-methyl PGF 2␣ greatly decreased binding affinity to the FPr [49] . A similar decrease in binding was observed using 15-epi-PGE 1 and 15-keto-PGE 1 to inhibit [ 3 H]PGE 1 [55] . Surprisingly, dramatic alterations in PGF 2␣ between C17 and C20 appear to have little impact on binding affinity. In fact, FPr agonists with phenyl groups attached between C17 and C20 appear to have longer half-lives in vivo [56, 57] .
The obvious differences in the C9 and C11 position between the primary PGs has led to the idea that these positions provide the critical interactions producing specificity between specific PGs and their receptors. Surprisingly, alteration of the hydroxyl at the C11 position to a ketone group (PGD 2 ) or removal of the hydroxyl (11-deoxy-PGF 2␣ ) produced little change in binding affinity in our studies with bovine luteal membranes (Fig. 3C) . The human FPr expressed in COS cells [9] also had similar IC 50 s for PGF 2␣ (3 nM) and PGD 2 (7 nM). However, other binding studies with cow, mouse, or rat FPr found IC 50 values of 300 to 500 nM for PGD 2 [4, 6, 8, 48] . The species-specific or technical reasons for these differing results with binding of PGD 2 to the FPr remain unresolved. Interestingly, substitution of the C11 hydroxyl with fluoride produces a potent and specific antagonist from a PGF 2␣ analogue [50] . In contrast, changing the C9 hydroxyl group in PGF 2␣ to a ketone (PGE 2 ) produced a 10-fold [49, 55, 58] increase in the IC 50 . Not surprisingly, the ketone group at the ninth carbon of PGE 2 was also key in high affinity binding to the luteal EP receptor [49, 55, 58] . It is likely that the ketone or hydroxyl groups on the ninth carbon confer partial specificity by interacting with distinct amino acids in their respective PG receptors. The double bond between the fifth and sixth carbon also appears to be essential for FPr binding and specificity. Changing this site to a single bond (PGF 1␣ ) or altering the conformation of the bond from cis to trans (5-trans PGF 2␣ ) dramatically decreased inhibition of [ 3 H]PGF 2␣ binding [49, 52, 55, 58] . Interestingly, this bond does not appear to alter the binding of PGE 1 or PGE 2 to the EP receptor in CL [49, 55] . Alteration of two critical sites on the PGF 2␣ molecule, such as found in PGE 1 that contains both a ketone at C9 and a single bond at C5/C6, eliminates binding to the FPr (IC 50 Ͼ 10 000 nM).
Binding of PGF 2␣ to the FPr activates numerous intracellular effector systems, including: the trimeric G-proteins G␣ q and G␣ 11 [59] , the small G-protein Rho [60] , phospholipase C [61, 62] , inositol triphosphate/free intracellular calcium [63, 64] , phospholipase D [65] , and mitogen-activated protein kinases [66, 67] . Other manuscripts [3, 68] have reviewed events that occur after binding of PGF 2␣ , and this minireview will not attempt to examine this extensive literature.
CONCLUSIONS
Substantial progress has been made in understanding the action of PGF 2␣ and its receptor in the CL. Some of the key progress in the 1990s has been in resolution of the gene, mRNA, and protein sequences for the FPr from many species, characterization of hormonal regulation of FPr mRNA, and determination of key intracellular responses to PGF 2␣ binding. Many critical issues remain unresolved such as the molecular mechanisms that regulate FPr gene transcription in the CL and the crucial interactions involved in the binding and activation of the FPr by PGF 2␣ .
